The metzincins are a clan of metallopeptidases consisting of families that share a series of structural elements. Among them is the Met-turn, a tight 1,4-turn found directly below the zincbinding site, which is structurally and spatially conserved and invariantly shows a methionine at position 3 in all metzincins identified. The reason for this conservation has been a matter of debate since its discovery. We have studied this structural element in Methanosarcina acetivorans ulilysin, the structural prototype of the pappalysin family, by generating 10 mutants that replaced methionine with proteogenic amino acids. We compared recombinant overexpression yields, autolytic and tryptic activation, proteolytic activity, thermal stability, and three-dimensional structure with those of the wild type. All forms were soluble and could be purified, although with varying yields, and three variants underwent autolysis, could be activated by trypsin, and displayed significant proteolytic activity. All variants were analyzed for the thermal stability of their zymogens. None of the mutants analyzed proved more stable or active than the wild type. Both bulky and small side chains, as well as hydrophilic ones, showed diminished thermal stability. Two mutants, leucine and cysteine, crystallized and showed three-dimensional structures that were indistinguishable from the wild type. These studies reveal that the Met-turn acts as a plug that snugly inserts laterally into a core structure created by the protein segment engaged in zinc binding and thus contributes to its structural integrity, which is indispensable for function. Replacement of the methionine with residues that deviate in size, side-chain conformation, and chemical properties impairs the plug-core interaction and prejudices molecular stability and activity.
Evolutionary conservation of structural elements in proteins usually results from stringent steric requirements for function. Specific structures enable particular chemical groups to be placed appropriately in three-dimensional space for reaction, transport, regulation, and scaffolding (1) . One such case of conserved structural elements is the Met-turn, found in the catalytic domains of all structurally characterized families of the metzincin clan of zinc-dependent metallopeptidases. These include astacins, ADAMs 4 /adamalysins, serralysins, matrix metalloproteinases (MMPs), leishmanolysins, snapalysins, and pappalysins (2) (3) (4) (5) . The catalytic domains span between ϳ130 and ϳ260 residues and fold into globular moieties, which are divided by an active site cleft into an upper N-terminal and a lower C-terminal subdomain when viewed in the standard orientation ( Fig. 1A) (5) . The N-terminal subdomain comprises a ␤-sheet and two helices, the backing helix and the active-site helix, as the minimum common core of repetitive secondary structure elements (5) . The latter helix includes the first stretch of a zinc-binding consensus sequence, HEXX-HXXG/NXXH/D (amino acid one-letter code), which includes three protein ligands of the catalytic zinc and the general base/ acid glutamate for catalysis. Features of the C-terminal subdomain common to all metzincins include a C-terminal ␣-helix and the Met-turn (Fig. 1B) . In the course of evolution, distinct structural elements have been introduced into this consensus minimal scaffold for each family, such as helices, strands, structural zinc-and calcium-binding sites, and additional domains (2) (3) (4) (5) . For example, in the smallest metzincin representative reported for its structure, 132-residue Streptomyces caespitosus snapalysin, only one extra calcium-binding site and a short helix in the N-terminal subdomain are found (Fig. 1A) . The result of such insertions is that, overall, the families have evolved along separate pathways. This is reflected by sequence identities well below twilight values to discriminate between similar and dissimilar structures (20 -35%) (6) , and most sequence alignment protocols only identify the extended zincbinding sequence and flanking sequence stretches (7) . However, the existence of the aforementioned common structural core elements confirms that all of these families are homologous, thus underlining that structural relatedness is more conserved than sequence identity (8) .
The Met-turn is a conserved 1,4-␤-turn of type I that contains a methionine at position 3, which is separated from the third zinc-binding histidine/aspartate by connecting segments of 6 -53 amino acids in the different metzincin structures (3, 5) . This means that the chain traces of the distinct prototypes strongly diverge after the third zinc ligand, but they all converge at the Met-turn. In all structures analyzed, this type I turn is superimposable in space, with the same conformation of the methionine side chain, with dihedral angles 1 , 2 , and 3 adopting values in the ranges 282-309°, 276 -317°, and 286 -328°, respectively (Fig. 1B) . This residue lies underneath the catalytic zinc. However, the distance from the side-chain atoms to the metal is far too great, and the orientation of the lone electron pairs of the methionine sulfur is incompatible with a metal interaction. This strict conservation of a residue imbedded in a small structural element spanning four residues would suggest a pivotal role in structural and functional integrity because methionine is not a residue particularly conserved during evolution (9) . However, mutation studies performed on several metzincin families revealed disparate results.
Replacement of the Met-turn methionine by selenomethionine in matrix metalloproteinase 8 (MMP-8) gave rise to a 50% decrease in catalytic efficiency and diminished conformational stability, but did not affect the crystal structure (10) . Similar studies on MMP-2 showed unaltered activity for the serine and leucine mutants but complete loss of activity and enhanced susceptibility to proteolytic degradation for the cysteine mutant (11) . In serralysins, substitution of difluoromethionine for methionine revealed no significant differences in activity or in the result of differential scanning calorimetry in Pseudomonas aeruginosa alkaline protease (12) . In contrast, studies on Erwinia chrysanthemi PrtC revealed lower levels of protein expression and diminished catalytic efficiency toward resorufin-casein for the leucine (85% of the wild type), isoleucine (50%), and alanine (23%) mutants and subtle changes in the crystal structure at the active site of the first two mutants and a cysteine mutant. However, major structural rearrangement and destabilization of the zinc site and an adjacent protein segment spanning ϳ80 residues were observed in the alanine mutant. In the histidine mutant crystal structure, an alternative zinc-binding site was found below the functional site (7, 13) . With respect to ADAMs/adamalysins, mutation of methionine in tissue necrosis factor ␣-converting enzyme to isoleucine, leucine, or serine impaired the ectodomain shedding of physiological substrates (14) . In the case of the astacin family, an alanine mutant of crayfish astacin showed significantly lower activity in gelatin zymography but similar thermal stability in CD spectroscopy. 5 Finally, a leucine mutant of pregnancy-associated plasma protein A (PAPP-A) from the pappalysin family rendered expression levels similar to wild type, but only ϳ5% of its capacity to cleave a physiological protein substrate (15) .
To examine further the role of the Met-turn methionine in metzincins, we studied a distinct representative, Methanosarcina acetivoras ulilysin, and mutated its Met 290 to 10 different residues. We analyzed recombinant expression levels of these proulilysin variants, (autolytic) activation through limited proteolysis, and activity of the mature ulilysin forms. We further performed thermal shift assays of zymogens and mature enzymes to study structural stability, and we managed to crystallize and solve the structure of the mature forms of two of these mutants, ulilysin M290L and M290C.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-Plasmids based on pET28a, which were modified to encode for both M. acetivorans proulilysin wild-type and variant C269A (16, 17) , were used as a template to mutate Met 290 to alanine, leucine, valine, phenylalanine, glycine, serine, cysteine, aspartate, lysine, and histidine (M290X mutants). The vector employed attached a His 6 tag to the protein N terminus, followed by a thrombin protease cleavage site, and conferred resistance to kanamycin. Mutations were introduced with the QuikChange Site-directed Mutagenesis kit from Stratagene by using PfuTurbo DNA polymerase (Stratagene) and the oligonucleotides shown in supplemental Table 1 . Each reaction product was treated with DpnI endonuclease (Fermentas) to select for mutated DNA and discard parental templates. The mutant vectors were transfected into Escherichia coli DH5␣ supercompetent cells, and all constructs were verified by sequencing.
Production and Purification of Ulilysin Mutants-All 10 M290X mutant zymogens plus wild-type and C269A proulilysin were expressed in E. coli BL21 Star TM cells (Invitrogen) grown in terrific broth (18) by the addition of 0.25 mM isopropyl 1-thio-␤-D-galactopyranoside when A 600 reached 0.5-0.6. All proteins were and purified at 4°C through nickel-nitrilotriacetic affinity chromatography (GE Healthcare) by employing a 5 I. Yiallouros and W. Stö cker, unpublished data. different column for each mutant. In each case, the His 6 tag was removed with thrombin (1 unit/l; Amersham Biosciences) at a ratio of 1:500 (w/w). The cleavage reaction was quenched with 5 mM phenylmethylsulfonyl fluoride (Fluka), and the mixture was subjected to anion-exchange chromatography purification (Mono Q 4.6/100 PE 1.7 ml; Amersham Biosciences) to remove the serine protease.
Activation of Ulilysin Mutants by Limited Proteolysis-All 10 mutant zymogens plus wild-type proulilysin were analyzed for autolytic activity to render mature forms as described for proulilysin C269A (17) . Independently, all zymogens were subjected to activation with trypsin (Sigma) for 6 h at 4°C at a ratio of 1:815 (w/w). The latter reaction was stopped with 2 mM Pefabloc inhibitor (Fluka). An extra ion-exchange chromatography step (Mono Q 5/50 GL 1.0 ml; Amersham Biosciences) was performed to isolate the ϳ29-kDa mature ulilysin variants, which underwent a final size-exclusion fast protein liquid chromatography step (Superdex 75 10/300 GL; Amersham Biosciences). In each case, central peak fractions were pooled, concentrated, and stored at 4°C for later analysis. Care was taken in all steps to avoid mutant cross-contamination.
Protease Assays-Purified M290X and C269A ulilysin mutants and the wild-type enzyme were tested (at 1 mg/ml in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM CaCl 2 ) for proteolytic activity against the specific quenched fluorescent peptide substrate, DABCYL-Leu-Ala-Arg-Val-Glu-EDANS (Bachem) at 37°C for 2 h (16, 17) . The increase in fluorescence intensity ( ex ϭ 355 nm; em ϭ 460 nm) upon substrate cleavage was monitored on a fluorescence microplate reader (FLx800; BIOTEK), and kinetic parameters (K m and k cat ) were derived by using different substrate concentrations (10, 25, 50, 100, 150, and 175 M).
Thermal Shift Assays-Aliquots prepared by mixing 7.5 l of 300ϫ Sypro Orange dye (Molecular Probes), 5 l of protein solution (2.5 mg/ml), and 37.5 l of buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl) were analyzed in an iCycler iQ Real Time PCR Detection system (Bio-Rad) by using 96-well PCR plates sealed with optical tape. Samples were heated from 25°C to 90°C at a rate of 0.5°C/min, and the change in absorbance ( ex ϭ 490 nm; em ϭ 575 nm) was monitored over time. The melting temperature (T m ) was determined for the mutant and wild-type enzymes and zymogens.
Crystallization and X-ray Data Collection-All proulilysin mutants and the respective mature ulilysin forms, obtained from both autolytic activation and trypsin treatment, were subjected to crystallization assays through sitting-drop vapor diffusion. Despite intensive screening, only mature mutants M290L (autolytically activated) and M290C (trypsin-treated) rendered crystals suitable for x-ray analysis. Both variants (at 10 mg/ml and 5.8 mg/ml, respectively, in 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 5 mM CaCl 2 ) crystallized at 20°C in, respectively, 0.2 M CaCl 2 , 0.1 M Hepes, pH 7, 20% (w/v) PEG 6000; and 0.2 M CaCl 2 , 0.1 M Hepes, pH 8, 22% (w/v) PEG 6000 as precipitating agent. Crystals were cryoprotected with 0.2 M CaCl 2 , 0.1 M Hepes, pH 7, 24% (w/v) PEG 6000, 20% glycerol (M290L); and 0.2 M CaCl 2 , 0.1 M Hepes, pH 8, 26% (w/v) PEG 6000, 15% glycerol (M290C). Prism-shaped crystals belonging to the same orthorhombic space group, C222 1 , but with different cell constants, were obtained for both mutants after several weeks. M290L crystals contained four monomers/asymmetric unit (solvent content 46%; V m ϭ 2.3 Å 3 /Da) and diffraction data to 1.7 Å were collected at 100 K at beam line ID23-1 of the European Synchrotron Radiation Facility (Grenoble, France). M290C crystals harbored two monomers/asymmetric unit (solvent content 49%; V m ϭ 2.4 Å 3 /Da), and diffraction data to 1.8 Å were collected at 100 K at ESRF beam line ID29. Diffraction data were integrated, scaled, merged, and reduced with programs XDS (19) and SCALA (20) within the CCP4 suite (21) (see supplemental Table 2) .
Structure 
RESULTS AND DISCUSSION
Protein Production and Autolytic Activation-All 10 M290X mutant plus wild-type zymogens were overexpressed in E. coli and purified. Comparison of the final yields/500 ml of cell culture revealed that only variant M290L, which harbored the most conservative mutation among those assayed, was obtained in amounts similar to the wild type (supplemental Table 3 ). The protein yield of the other nine mutants was between 6 and 18% of the wild type. The lowest yields were obtained for the mutants with the bulkiest side chains, lysine and phenylalanine, with slightly higher yields for alanine, valine, histidine, aspartate, serine, cysteine, and glycine. These results suggested that, overall, the mutants were sufficiently well folded to pass the quality control check of the host cell, although they were much less abundant than the wild type (except for leucine).
Both 38-kDa proulilysin C269A and its selenomethionine variant undergo calcium-mediated autoactivation at two sites, one upstream and one downstream of the catalytic moiety, to render mature 29-kDa ulilysin quantitatively after 24 h at room temperature (16, 17, 27 Fig. 1 in 27) , respectively, and agreed well with the specificity of the enzyme for basic residues in subsite P 1Ј . We observed that the wild type and M290L underwent complete autolytic activation. Only M290F and M290S were partially self-processed. These results indicated that the most conservative mutant behaved similarly to the wild type, whereas all other mutants but two were autolytically inactive.
Tryptic Activation and Activity-Given the results of the autolysis test, all zymogen variants were subjected to proteolytic activation by trypsin to provide comparable active mature forms. Incubation conditions were fine tuned to obtain cleavage sites near those observed during autolysis, taking into account that trypsin cleaves after basic residues, i.e. one residue downstream from ulilysin. From all variants tested, only the wild type, M290L, M290C, and, partially, M290F could be obtained as stable catalytic domain fragments. The remaining forms were completely degraded, possibly due to enhanced flexibility, which correlates with susceptibility to proteolysis (28) . To assay proteolytic activity and determine kinetic parameters, a fluorescent peptide derived from the N-terminal cleavage site of wild-type proulilysin was tested with the four aforementioned variants (supplemental Table 3 ). Wild-type and M290L ulilysin evinced comparable catalytic efficiency, with similar values for both k cat and K m . M290C showed about 25% efficiency and M290F about 0.3%, the latter due to both a large increase in K m and a large decrease in k cat . In addition, autolytically activated M290S also showed residual activity, but the kinetic parameters could not be derived. These results indicated that only the wild-type, M290L, and M290C catalytic moieties were competent.
Thermal Shift Assays-These assays are based on the fluorescence variation of an environmentally sensitive dye, Sypro. The thermal unfolding process exposes hydrophobic regions of the protein to which the dye binds, and this leads to an increase in fluorescence (29) . The melting temperature or temperature of midtransition (T m ) is defined as the midpoint in the thermal ramp of a plot depicting relative fluorescence units versus temperature, and it represents the value at which the free energies of native and nonnative forms are equivalent. Higher T m values indicate higher thermal stability, thus providing a measurement of structural rigidity. The zymogens gave T m values ranging from 34°C to 50°C (supplemental Table 3 and Fig. 2 ). The lowest value was obtained for M290H, followed by a group consisting of M290K, M290S, M290D, M290G, and M290A (36 -38°C), and, subsequently, by M290V (40°C ), M290F (43°C), M290C (44°C), M290L (45°C), peaking with the wild type (50°C). This test, which was the only biophysical assay that could be performed on all protein variants under comparable conditions, reflected the differences in stability. It also directly correlated with activity, which showed up in the four thermally most stable forms only. In addition, the three top stable variants could also be analyzed for their mature forms. Interestingly, all three forms were much more stable than the zymogens, evincing T m values around 70°C (supplemental Table 3 ). This is consistent with the mature enzyme being a single-domain ellipsoid (see below) rather than a trimodular molecule of 60-, 262-, and 20-residue domains linked by potentially flexible linkers.
Structural Analysis-Ulilysin variant C269A had been previously crystallized in space groups C222 1 (a ϭ ϳ119 Å, b ϭ ϳ60 Å, c ϭ ϳ169 Å; PDB code 2J83) and P2 1 2 1 2 (a ϭ ϳ50 Å, b ϭ ϳ126 Å, c ϭ ϳ87 Å; PDB code 2CKI), each with two molecules in the crystallographic asymmetric unit (16, 17, 30) . This variant and its selenomethionine derivative rendered crystals that could belong to either space group and were structurally indistinguishable from each other, with root mean square deviation values ranging from 0.22 to 0.30 Å for the different pairwise comparisons of protomers. This compared well with observations for wild-type and selenomethionine-substituted MMP-8, which were likewise structurally indistinguishable (10) . In the present study, the C269A mutant was subjected to the same analyses as the wild type and the M290X mutants described above. Except for the melting temperature of the mature enzyme, all values were indistinguishable from the wild type (supplemental Table 3 ), so the structure of C269A can be considered as a valid model for the wild type.
Only the mature forms of the top two methionine mutants in the thermal shift studies, M290L and M290C, could be crystallized and solved for their three-dimensional structures despite extensive trials (Fig. 3, A-D) . These two mutants crystallized under slightly different conditions in two crystal forms of orthorhombic space group C222 1 , with distinct cell parameters (see supplemental Tables 2 and 3 ) and with four (M290L) and two molecules (M290C)/asymmetric unit. In each case, the identity of the mutants was confirmed by omit electron-density maps (Fig. 3, C and D) . Within each structure, the crystallographically independent molecules were Table 3 ). equivalent, with root mean square deviation values between chains of 0.10 -0.14 Å for M290L and 0.32 Å for M290C. Briefly, mature ulilysin is the largest of all structurally characterized metzincin catalytic domains, with ϳ260 residues. Like other metzincins, it is separated into an upper N-terminal and a lower C-terminal subdomain by a central active-site cleft, at whose centerbottom the catalytic zinc ion is bound (Fig. 3, A and B) . The former subdomain shows a five-stranded twisted ␤-sheet at the top, with all strands (␤1, ␤2ϩ␤3, ␤4, ␤7, and ␤8) except the fourth parallel to each other and to any substrate that is bound in the cleft. An LNR-like loop bifurcates the second strand into two substrands, ␤2ϩ␤3, and the antiparallel strand, ␤7, forms the lower edge of this subdomain and creates an upper rim or northern wall of the active-site crevice. In addition, a ␤-ribbon (␤5 plus ␤6) that protrudes from the molecular surface frames the active site on its primed side. Two long ␣-helices, the backing helix (␣1) and the activesite helix (␣4), are found on the concave face of the ␤-sheet. The segment connecting ␣1 with ␤2 is the largest of the metzincins. It covers almost the entire back of the molecule in a cape-like fashion and includes two unique ␣-helices, ␣2 and ␣3. The C-terminal subdomain starts after the active-site helix, which includes the two zinc-binding histidine residues of the zincbinding consensus sequence and comprises the third zinc-bonding histidine, which contacts the metal from below. This subdomain contains few regular secondary-structure elements, mainly the C-terminal helix ␣5 at the end of the polypeptide chain and the aforementioned helices within the cape. The C-terminal helix is connected to the active-site helix by a long polypeptide segment that includes the Met-turn (Fig. 3) . In addition, the C-terminal subdomain evinces two disulfide bonds, among which Cys 269 -Cys 297 is dispensable for activity (see above), and a unique two-calcium site. This site is a molecular switch for activity, as the proteinase can be reversibly inhibited through calcium chelators (16, 17, 27) .
Detailed inspection of M290L and M290C and their superposition with ulilysin C269A (PDB 2J83) revealed essentially identical structures, with root mean square deviation values for all possible pair-wise comparisons of crystallographically independent molecules of 0.32-0.36 Å and 0.51-0.56 Å, respectively. Replacement of methionine for leucine, which have both apolar and neutral side chains and show similar hydropathy indexes (31), evinced that both side chains occupy essentially the same volume (Fig. 3) . The side-chain dihedral angles 1 (274 -276°) and 2 (294 -295°) were comparable with those found for the methionine in wild-type metzincins (see above and Figs. 1B and 3F) . Although the first angle is usual for leucine, the second one gives rise to a suboptimal rotamer conformation, found only in 4.5% of cases (32) . This angle allows a leucine residue to fit into a space usually occupied by a methionine. With respect to M290C, although cysteine is smaller than methionine, they are both neutral and apolar, and they have a similar hydropathy index (31) . The 1 values (293-296°) were comparable with those of metzincins methionines, and the difference in size was offset by a buried solvent molecule in the space of the methionine C⑀ atom in the wild type (Ͻ1 Å away). Finally, no significant deviation was observed in either the position or the orientation of the zinc ion or zinc ligands in either of the mutants (Fig. 3F) .
The strict maintenance of the structure around the zinc ion in either structure strongly suggests that what is required for fold and function is an intact core. Indeed, to maintain the architecture of the zinc site and the chain trace of the residues engaged in the zinc-binding consensus sequence, a total of six hydrogen bonds are required in all metzincins, and the Metturn plays a pivotal role in this bonding pattern (Fig. 3F) . In particular, the carbonyl oxygen of the position occupied by the methionine hydrogen bonds the main-chain amide nitrogen of the residue downstream of the third zinc-binding histidine and the carbonyl oxygen preceding the methionine binds the N␦1 atom of the first zinc-binding histidine, at the first position of the zinc-binding consensus sequence. In addition, the carbonyl oxygens of the residues at positions 4 and 5 bind the amide nitrogens of positions 8 ϩ9 and 9, respectively. Moreover, the carbonyl oxygen of the residue at position 9 hydrogen binds the N␦1 atom of the zinc-binding histidine at position 5. Finally, the methionine terminal methyl group establishes a hydrophobic interaction with the plane of the latter histidine.
CONCLUSION
The strict conservation of the Met-turn and its methionine among metzincin structures has intrigued structural biologists since its discovery, and it contributed to the name of this metallopeptidase clan (2). Several methionine-replacement studies had shown that this residue is important for fold and function. Our results on 10 ulilysin mutants support its functional relevance. All mutants were expressed and purified, although in varying amounts, thus suggesting at least partial defects in synthesis, secretion, and stability. No mutant proved more stable or active than the wild type. We found an inverse correlation between function/stability and deviation from the optimal size as granted by methionine. In addition, side-chain hydrophobicity was also found to be indispensable because all hydrophilic mutants assayed displayed very low resistance to thermal denaturation. In most cases, they could not be activated but were degraded instead. The next-to-best residues were selenomethionine and leucine, which occupied approximately the same space in the three-dimensional structure as methionine and were similarly hydrophobic and functional. However, the latter was only functional as the wild type under the assumption of an unusual rotamer, thus indicating a suboptimal qualification. The next best option was M290C, which showed lower activity but shared hydrophobicity with the former residues and in which the smaller side chain was offset by the recruitment of a buried solvent molecule. Further ranks were occupied by phenylalanine and valine, with deviating side-chain sizes but similar hydrophobicity. We concluded that there is little margin for variation from a fully competent structure in ulilysin, and activity comparable with the wild type was only observed in structurally equivalent molecules. This was further underlined by detailed inspection of the zinc site in metzincin structures, which revealed a compact core made up by six conserved hydrogen bonds plus a hydrophobic interaction made up by the residues of the zinc-binding consensus sequence and the two central residues of the Met-turn. The latter is a plug that must be snugly inserted into the zinc site to render it functional, and this pinpoints methionine as the "best adapted" residue, which must present a particular combination of conserved side-chain dihedral angles. Mutations entailing significant changes in the size and chemical nature of the side chain would prejudice the functionality of the Met-turn plug, thus giving rise to molecules that were not (auto)activatable, nor crystallizable, or only residually active in best cases. Accordingly, our studies provide an explanation for the absolute conservation of the methionine during evolution, based on steric and chemical requirements for structure and function. Finally, although these results are consistent with most reports on other metzincins, it cannot be ruled out that slight differences in selected structural elements may be observed in certain families, in particular if they do not significantly affect the central zinc-binding core structure.
